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In the Drosophila retina, photoreceptor differentiation is preceded by significant cell shape rearrangements within and immediately behind the
morphogenetic furrow. Groups of cells become clustered into arcs and rosettes in the plane of the epithelium, from which the neurons
subsequently emerge. These cell clusters also have differential adhesive properties: adherens junction components are upregulated relative to
surrounding cells. Little is known about how these morphological changes are orchestrated and what their relevance is for subsequent neuronal
differentiation. Here, we report that the transcription factor Atonal and the canonical EGF receptor signalling cascade are both required for this
clustering and for the accompanying changes in cellular adhesion. In the absence of either component, no arcs are formed behind the furrow, and
all cells show low Armadillo and DE-cadherin levels, although in the case of EGFR pathway mutants, single, presumptive R8 cells with high
levels of adherens junction components can be seen. Atonal regulates DE-cadherin transcriptionally, whereas the EGFR pathway, acting through
the transcription factor Pointed, exerts its effects on adherens junctions indirectly, at a post-transcriptional level. These observations define a new
function for EGFR signalling in eye development and illustrate a mechanism for the control of epithelial morphology by developmental signals.
© 2006 Elsevier Inc. All rights reserved.Keywords: Drosophila retina; Morphogenetic furrow; Cell clustering; Adherens junctions; EGFR signalling; AtonalIntroduction
The Drosophila compound eye comprises approximately
800 units, or ommatidia, in a highly organised array and
provides an attractive system for the study of patterning and
morphogenesis of a complex tissue. The eye originates from the
eye-antennal imaginal disc, which proliferates throughout most
of larval life as a simple epithelial sheet, and only begins to
differentiate in the third instar (reviewed in Wolff and Ready,
1993). During this stage, the morphogenetic furrow sweeps
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doi:10.1016/j.ydbio.2006.08.003netic furrow is a clearly visible indentation in the eye disc, in
which cells constrict at their apical membranes and arrest in the
G1 phase of the cell cycle. Posterior to the morphogenetic
furrow, cells begin to differentiate as neurons and accessory
cells, in a clearly defined order. As well as the general apical
constriction of cells as they enter the morphogenetic furrow,
subsets of cells also undergo further shape changes and
epithelial reorganisation, forming distinct ‘rosettes’ and ‘arcs’,
which can be visualised by staining techniques that highlight the
membranes (Tomlinson and Ready, 1987; Wolff and Ready,
1991). The initial rosette contains 15–20 cells, but this reduces
to approximately 9 cells that form arcs, which then close up to
give clusters of 6–7 cells: the future R8 and R2–R5 cells, plus
one or two cells that will be ejected from the maturing
ommatidium (the so-called mystery cells). Henceforth, we use
the term ‘cluster’ to refer to these early groups of cells, before
differentiated photoreceptors can be visualised, although we
note that they have previously been designated ‘pre-clusters’
(Ready et al., 1976).
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nisation around the morphogenetic furrow is well documented,
the underlying molecular and cell biological mechanisms are
unknown. In addition, the significance of these cell shape
changes for retinal development remains unclear, although
given that the R8 and R2–R5 cells always differentiate from
cells that have been part of these structures, they are likely to
play some role in coordinating cell differentiation. More
generally, the changes in cellular morphology in the developing
eye disc represent a specific case of a poorly characterised but
widespread developmental phenomenon: there are myriad
examples of cellular architecture being modified as tissues
develop.
The epidermal growth factor receptor (EGFR) pathway has a
wide variety of roles in eye development. In approximate order
of appearance, it functions in the early specification of the eye
field (Kumar and Moses, 2001), furrow initiation (Kumar et al.,
1998), R8 spacing (Baonza et al., 2001; Dominguez et al., 1998;
Spencer et al., 1998; Yang and Baker, 2001), cell division in the
second mitotic wave (Baker and Yu, 2001), cell survival behind
the furrow (Bergmann et al., 1998; Dominguez et al., 1998;
Kurada and White, 1998), cell recruitment (Freeman, 1996,
1997) and ommatidial orientation (Brown and Freeman, 2003;
Gaengel and Mlodzik, 2003; Strutt and Strutt, 2003). It remains
unclear how this multiplicity of EGFR functions in the
developing eye is coordinated. In contrast to mammalian
systems, where at least some of the specificity of the signalling
outcome is thought to be imparted by divergence in intracellular
signalling cascades (Jorissen et al., 2003), the EGFR pathway in
Drosophila appears essentially linear, with the transcription
factor Pointed (Brunner et al., 1994; Klämbt, 1993), which is
phosphorylated by MAPK, being required for all the diverse
functions in the eye.
Upstream of EGFR signalling in the eye is the basic helix–
loop–helix transcription factor Atonal (Jarman et al., 1994,
1995), required directly for R8 differentiation and also for
activation of the EGFR pathway, via transcriptional regulation
of the key pathway component rhomboid (Baonza et al.,
2001), which drives further cell recruitment. Thus, in atonal
mutants, no differentiation of neuronal or accessory cells
occurs, whereas in the absence of EGFR signalling R8s form,
but no other cells differentiate. One of the earliest proposed
functions of the EGFR in retinal patterning is in ommatidial
spacing, where the pathway appears to be required for the
spatial refinement of atonal expression, so that single, evenly
spaced R8 cells are formed. However, this early role for the
EGFR pathway has proved controversial: Kumar et al. (1998)
did not detect such a function. Instead they have proposed that
the EGFR activation seen (by α-dpERK staining) at this stage
is non-productive, by virtue of a ‘cytoplasmic hold’ restricting
the nuclear translocation of activated MAPK (Kumar et al.,
2003) (see Discussion).
Here, we present evidence for a previously unrecognised
function of the EGFR signalling pathway in and adjacent to the
morphogenetic furrow, in regulating the cell shape changes
which precede ommatidial differentiation. We demonstrate that
cluster formation, which is accompanied by increased cadherin-based cell–cell adhesion, is crucially dependent upon both
Atonal and the EGFR pathway: in the absence of either
component, rosettes and arcs fail to form. However, our
evidence points to two distinct mechanisms by which these
factors operate: Atonal controls DE-cadherin transcription
whereas the EGFR signalling cascade exerts its effects on
adherens junctions indirectly, at a post-transcriptional level. We
propose that EGFR, and MAPK, activity at this early stage in
eye development plays two roles: the previously documented
function in controlling R8 spacing and a newly identified one in
regulating the morphological and adhesive changes undergone
by cells forming the early clusters. These observations address
for the first time the molecular basis of the morphological
changes in the morphogenetic furrow and provide some insight
into how these are coordinated with the cell fate decisions
necessary for retinal patterning.
Materials and methods
Genetic strains
The following mutant alleles were used: argoslΔ7, ato1, Egfr1K35, pntΔ88,
rasD40, rho7M43, ru1, spitzA14, spitzSC2 and styΔ5. The UAS lines used were:
UAS-ato, UAS-EGFR* (also known as torD-DER) (Reichman-Fried et al.,
1994), UAS-rasv12. We used the following reporter lines, the DE-cadherin
reporter shg-lacZ (shgK03401) and arm-lacZ (armG0192).
All stocks are described in FlyBase (http://flybase.bio.indiana.edu).
Clone induction
Mitotic clones were generated by FLP-mediated mitotic recombination (Xu
and Rubin, 1993). In all cases, recombination was induced in second instar
larvae (60 h AEL) by a 90-minute heat shock at 37°C. Unless otherwise stated,
clones were marked by the absence of GFP and were induced in a Minute
background. Mutant clones for argoslΔ7 styΔ5, and ru1 rho7M43 were induced
using the y w hsp-FLP122; ubi-GFP M(3)i 55 FRT80B/TM6B stock. These flies
were crossed to: argos lΔ7 styΔ5FRT80B/TM6B, or w hsp-FLP122; ru1 rho-
FRT80B/TM6B. For induction of pntΔ88, rasD40 and ato1 clones, female y w
f 36a hsp-FLP122; ubi-GFP M(3)f +87 FRT82/TM6B were crossed to male y w
hsp-FLP122; rasD40 FRT82/TM6B, pntΔ88 FRT82/TM6B or ato1FRT82/TM6B.
spitzA14 clones were induced by crossing y w hsp-FLP122; ubi-GFP FRT40A/
Cyo to spitzA14 FRT40/Cyo. Clones for Egfr1K35, marked by the absence of β-
galactosidase, were induced by crossing female y w hsp-FLP122; arm-lacZ M
(2) FRT42D/Cyo to male y w hsp-FLP122; Egfr1K35 FRT42D/Cyo.
ato1 or rasD40 mutant clones were generated in discs ectopically expressing
UAS-EGFR* or UAS-atonal, respectively, under the control of GMR-Gal4, by
crossing y w f 36a hsp-FLP122; UAS-EGFR*/+; ubi-GFP M(3)f +87 FRT82/+
males to GMR-Gal4/+; ato1FRT82/+ females or y w f36a hsp-FLP122; GMR-
Gal4 UAS-atonal/+; ubi-GFP M(3)f+87 FRT82/+ males to hsp-FLP122; rasD40
FRT82/TM6B females.
Clones lacking pntΔ88 and expressing UAS-EGFR* (tor D-DER) were
obtained by crossing y w hsp-FLP122 tub-GAL4 UAS-GFP; tubP-GAL80
FRT82/TM6B flies to UAS-EGFR*; pntΔ88 FRT82/SM6a-TM6B. Progeny were
heat shocked at 37°C for 1 h between 48 and 72 h after egg laying. Clones
lacking pnt and expressing EGFR* were positively identified by the GFP
expression. It should be noted that these clones were not generated in a Minute
background.
Clones of cells expressing Gal4 (Ito et al., 1997) were induced 48–72 h after
egg laying by 12 min heat shocks at 37°C in flies of the following genotype: y w
FLP1.22;Act5C<FRT yellow+>Gal4 UAS-GFP/UAS-EGFR*.
Expression of the DE-cadherin reporter shg-lacZ in clones mutant for ras-
or ato1 was analysed by crossing y w f 36a hsp-FLP122; ubi-GFP M(3)f+87
FRT82/TM6B females by shg-lacZ/+; rasD40 FRT82/+ or shg-lacZ/+; ato-
FRT82/+ males. shg-lacZ expression in discs over-expressing atonal was
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SM6a-TM6B females.
Histology
Immunohistochemical staining of imaginal discs was performed as follows.
Imaginal discs were dissected in PBS, 0.1% Triton X100 (PBT) and fixed for
15 min in 4% paraformaldehyde in PBT, washed (3×15 min each in PBT),
blocked in PBT, 0.1% BSA for 1 h and incubated in the same buffer for 4 h at
room temperature or overnight at +4°C with one of the following antibodies:
mouse anti-22C10 (1/250); Rat anti DE-cad (DSHB) (1/50), mouse anti-Arm (1/
100) (DSHB), rat anti-Elav (1/200) (7E8A10 from DSHB), rabbit anti-Atonal
(1/500) (Jarman et al., 1995), rabbit anti-β-galactosidase (1/1000) (Cappel ICN-
Pharmaceuticals Inc.), mouse anti-dpERK (1/100) (SIGMA). Secondary
antibodies were TRITC-conjugated AffiniPure Donkey anti IgG (Jackson
ImmunoResearch) used at a 1/400 dilution and Alexa-Fluor 568 and 647-
conjugated Goat anti-IgGs (Molecular Probes). A Zeiss confocal microscope
was employed for capture of images. For those figures showing a membrane
marker in addition to a nuclear or cytoplasmic one, images are a composite of a
single apical section showing the membrane stain superimposed on a projection
of several sections at the level of the nucleus.
Results
Cluster formation is accompanied by an increase in cell–cell
adhesion
In an attempt to better understand the morphological changes
accompanying cell differentiation, we stained 3rd instar eye
discs with antibodies against the adhesion molecule DE-
cadherin and its intracellular linker Armadillo (β-catenin). WeFig. 1. Arc and rosette cells maintain high levels of AJ components. (A, B) Morpho
neural markers Elav (red, A) or 22C10 (red, B) in wild-type third instar eye discs. Note
long after Arm becomes resolved to clusters. (C) High magnification of the rosettes an
levels of Arm: compare the levels in a cell forming part of a cluster (white arrow) with
identical pattern to Arm. Images include superimposed focal planes to show the apica
basal markers (e.g. nuclear Elav) extend beyond the constricted apical surface. In thiobserved that these proteins are upregulated in the morphoge-
netic furrow and then maintained specifically in the apical
membranes of cells that make up the rosettes and arcs; their
levels rapidly decline in surrounding epithelial cells (Figs. 1A–
D). Both antibodies give identical staining patterns under all
conditions examined, and therefore we have used these two
antibodies interchangeably in subsequent experiments. It should
also be noted that the nuclear and membrane markers reside in
different apico-basal levels within the disc: images shown are a
superposition of different focal planes (see Materials and
methods for details). We considered the possibility that this
apparent increase in DE-cadherin/Armadillo staining in clusters
was simply due to the reduction in the apical surface of the cells
in the rosettes and arcs. However, neighbouring cells of similar
size do not show increased staining (arrows, Fig. 1C).
Moreover, staining is not uniform around the cell, being
concentrated on the sides of the cells that contact other members
of the cluster. Thus, cadherin-based adhesion is specifically
maintained at high levels only between cells of the rosettes and
arcs. At later stages, in the closed arcs, staining becomes
concentrated in the membranes of the most posterior three cells,
the presumptive R8, R2 and R5 (Wolff and Ready, 1991), and
particularly in the central cell. It is only at this stage, which
represents several hours after initial arc formation, that markers
of neural development such as Elav (Fig. 1A), 22C10 (Fig. 1B)
and BP104 (see Wolff and Ready, 1991) first become visible,
demonstrating that the morphological changes precede neuronal
maturation.logical changes precede neuronal maturation. Expression of Arm (blue) and the
that the neural markers only become expressed several rows back from the furrow,
d arcs (stained with anti-Arm). Neighbouring cells of similar size show different
a cell of similar size outside the clusters (red arrow). (D) DE-cadherin shows an
l cell surfaces coincident with other markers; because of apical constriction, more
s and all subsequent figures, anterior is to the left. Scale bars are 100 μm.
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formation
The very first marker for neuronal commitment that appears
in the furrow is Atonal, which is initially upregulated in all cells
before they enter the morphogenetic furrow (Fig. 2A, yellow
bar), then becoming restricted to clusters within the morpho-
genetic furrow (green bar), and finally single cells—the R8
precursors (blue bar). As atonal expression becomes somewhat
restricted before the first appearance of morphologically distinct
clusters, it seemed possible that the formation of clusters, and
the upregulation of adherens junction (AJ) components, might
be dependent upon atonal. To test this, we examined atonalFig. 2. Atonal and EGFR signalling is required for cluster formation. (A) Atonal (red
bar); within the morphogenetic furrow, it becomes restricted to clusters (green bar) a
staining (blue) becomes most concentrated in the presumptive R8s (single, atonal
morphogenetic furrow show low levels of Armadillo and the rosettes and arcs fail to f
furrow (arrows), just before morphologically distinct arcs form (Arm in blue). (D) Eg
levels of Arm are visible: these cells correspond to R8 precursors (arrow). (E) Larg
furrow; however we occasionally find small clusters of 3–4 cells (arrow). (F) Spitzmu
and arcs form normally in spitz mutant clones (arrowhead); however, the accumulat
panels, clones are marked by the absence of GFP or LacZ in red.mutant clones: the initial increase in Armadillo staining in the
furrow was unaltered, but morphologically recognisable
rosettes and arcs failed to form, and all cells behind the
morphogenetic furrow showed low DE-cadherin and Armadillo
levels (Fig. 2B and data not shown). Therefore, we conclude
that these cell shape and adhesion changes depend on Atonal
function.
Atonal in the furrow is known to stimulate EGFR signalling,
through activating the expression of the key pathway regulator
Rhomboid, and this activity is essential for the control of
ommatidial spacing (Baonza et al., 2001). We hypothesised that
the function of Atonal in the regulation of cluster formation
might also be dependent upon the EGFR pathway. A further) is expressed initially in all the cells in front the morphogenetic furrow (yellow
nd finally to single cells—the R8 precursors (blue bar). In the closed arcs, Arm
positive cells) (arrow). (B) ato1M+ mutant clone. All mutant cells behind the
orm. (C) Domains of activated MAPK (dp-ERK) staining (red) can be seen in the
fr1K35 M+ mutant clone: arcs and rosettes failed to form. Isolated cells with high
e ru1 rho7M43M+ mutant clone. Clusters do not form behind the morphogenetic
tant clone: in contrast to clones of other members of the EGFR pathway, rosettes
ion of Armadillo is not maintained further back from the furrow (arrow). In all
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spaced domains of activated MAPK (dp-ERK) staining can be
seen in the furrow, just before morphologically distinct arcs
form {(Baonza et al., 2001; Chen and Chien, 1999; Kumar et
al., 1998) and Fig. 2C}; these domains coincide with groups of
Atonal expressing cells. We note, however, that Kumar et al.
hypothesise this phosphorylated MAPK to be inactive by virtue
of a ‘cytoplasmic hold’ (see Discussion). In order to test the
requirement for EGFR signalling in cluster formation, we made
clones of Egfr null mutants in eye discs and looked at Armadillo
localisation (Fig. 2D). Within the clones (marked by loss of
LacZ staining), we were never able to observe morphologically
distinct rosettes or arcs, or clusters of cells in which Armadillo
remained upregulated, indicating a requirement for the EGFR in
cluster formation. However, single cells within these clones
showed high levels of Arm protein (arrow, Fig. 2D). These cells
represent the R8s, which differentiate even in the absence of
EGFR signalling, albeit with disrupted spacing. We also
observed an identical phenotype with ras null mutant clones
(data not shown), indicating a requirement for canonical
downstream signalling in this process. It should be noted that
a similar effect of loss of EGFR signalling has previously been
noted (Dominguez et al., 1998), but not analysed further.
The Drosophila EGFR is activated by four ligands, each
used in different developmental contexts. We investigated
which were required for cluster formation. Clones doubly
mutant for rhomboid-1 and roughoid, the two rhomboid family
proteases known to be active in the eye, showed a very similar
phenotype to the Egfr clones (Fig. 2E): again, only single
presumptive R8s show high Armadillo levels. In this condition,
small clusters could very occasionally be observed (arrow, Fig.
2E): this is likely due to the fact that the ru mutation on this
chromosome is not a null (Wasserman et al., 2000). The
requirement for the rhomboid family demonstrates that cluster
formation depends on EGFR ligands that are activated by
cleavage, namely Spitz and Keren (the third cleaved ligand,
Gurken, is confined to the germline (Neuman-Silberberg and
Schüpbach, 1993)). It has previously been shown that Spitz is
required for cell recruitment and for cell cycle regulation in the
SMW (Baker and Yu, 2001; Freeman, 1994; Tio et al., 1994),
but not for controlling R8 spacing or cell survival (Dominguez
et al., 1998; Tio and Moses, 1997). We examined cluster
formation in mutant clones of two different alleles of spitz that
have been genetically characterised as loss-of-function (spiA14
and spiSC2) and observed that rosettes and arcs form normally
(arrowhead, Fig. 2F and data not shown), but that the
accumulation of Armadillo is not maintained further back
from the furrow, consistent with the failure of further
photoreceptor differentiation (arrow, Fig. 2F). This indicates
that Spitz is not required for the clustering function of the
EGFR. The combination of a requirement for EGFR as well as
Rhomboid-1 and Rhomboid-3 but not Spitz strongly suggests
that this represents a function for Keren, either on its own or in
combination with Spitz. No keren mutation has yet been
reported, but we have preliminary data to suggest that it
participates redundantly in several EGFR signalling events in
the eye (KEB and MF, in preparation).Significantly, a direct relationship between the EGFR
pathway and AJ components has been discovered in mammals,
where it has been proposed that phosphorylation of catenins by
the receptor may perturb their function (Hazan and Norton,
1998; Hoschuetzky et al., 1994). This function is independent of
a transcriptional output. We therefore investigated whether the
cluster-generating function of the EGFR required Pointed, the
transcription factor that represents the output of most EGFR
signalling in Drosophila. In pnt null mutant clones, the
phenotype is very similar to that of the other EGFR pathway
members, with a general failure to form ommatidial clusters of
any description (Figs. 3A, B). Nevertheless, we occasionally see
groups of cells that resemble disorganised and weak clusters
(Figs. 3A, A′, arrows), hinting that there might be some degree
of Pointed-independent signalling. Therefore, despite the
obvious basic requirement for Pointed, we investigated whether
the EGFR pathway might, in addition, act at least partially
through a non-canonical effector in the control of cluster
formation. In principle, this could either be an alternative
transcription factor or, as reported to occur in mammalian cells,
might imply a cytoplasmic link between the receptor and
components of the AJs. In order to examine this idea, we
expressed constitutively active EGFR (UAS-EGFR*, also
known as torD-DER) (Reichman-Fried et al., 1994) in clones
that were simultaneously mutant for pointed. If the EGFR acts
only through Pointed, then these clones would be expected to
show an identical phenotype to that of pointed− clones alone;
however, if there were also some non-canonical function of the
receptor, a partial rescue of the mutant phenotype would be
observed in the clones in which EGFR* was also expressed.
These clones look essentially the same as the pointed− clones
alone (Fig. 3C)—small, disorganised clusters can occasionally
be seen, but there is no significant rescue of the pointed
phenotype when constitutively active EGFR is expressed,
implying that most, if not all, signalling is Pointed dependent.
Together, these results strongly suggest that EGFR controls cell
clustering through a transcriptional output rather than directly
and that this output is predominantly Pointed dependent.
Cluster formation is disrupted by ectopic Atonal or EGFR
signalling
The results described so far demonstrate a requirement for
EGFR signalling for the changes to cellular architecture that
occur as rosettes and arcs are formed in the morphogenetic
furrow. If EGFR is really a significant regulator of morpholo-
gical change, its hyperactivity might also be expected to affect
cluster formation. To examine this, we created clones doubly
mutant for the EGFR pathway inhibitors argos and sprouty
(Fig. 4A), a genetic condition that leads to substantial EGFR
hyperactivity (Casci et al., 1999; Schweitzer et al., 1995).
Within these clones, large and disordered clusters of up to 20
cells (arrow, Fig. 4A) are seen at the earliest stages, indicating
that hyperactive signalling leads to over-recruitment of cells
into the initial rosettes. A similar phenotype is also seen in
clones in which EGFR* is over-expressed under the control of
Actin-Gal4 (Fig. 4B)—large, disorganised clusters are seen,
Fig. 3. pointed is required for cluster formation. (A and A′) InM+ pntΔ88 mutant clones (marked by the absence of GFP in red), arcs and rosettes are not formed (Arm
in green). Isolated Atonal positive cells (blue) with high Arm levels can be observed: presumptive R8s. Occasionally, small clusters are still present (white arrow in A
and yellow arrow A′). (B) In other pntΔ88 clones, no clustering can be seen: all cells express low levels of DE-cadherin. (C, C′ and C′′) pntΔ88mutant clone (positively
marked with GFP in blue) simultaneously expressing a constitutively activated form of the EGFR (EGFR*) using the Gal80 system. Only R8 differentiates (Elav in
red), and the formation of arcs and rosettes is almost completely abolished (Arm in green).
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cells of the furrow also appear to be disrupted. The increased
severity of this phenotype may be due to the very high level of
EGFR activity but may also be caused by its ubiquitous
expression. In the argos, sprouty double mutants, EGFR
signalling is widened and strengthened but remains dependent
on localised Spitz ligand (Casci et al., 1999; Freeman, 1997;
Schweitzer et al., 1995). The function of EGFR signalling in
cluster formation and the control of adhesion appears to be a
continuous one since over-expression of EGFR pathway
components such as an activated form of Ras (RasV12) only
behind the morphogenetic furrow, using the GMR-Gal4 driver,
also leads to disorganised clusters with many cells having
upregulated AJ components (Fig. 4C). This phenotype is also
seen on over-expression of atonal with GMR-Gal4 (Fig. 4D),
consistent with our hypothesis that Atonal and the EGFR
pathway act together in this process.
What is the relationship between Atonal and EGFR signalling?
As described above, Atonal acts upstream of the EGFR in
ommatidial spacing and photoreceptor recruitment. Does a
simple linear relationship also exist in the control of clustering?
The fact that R8 cells upregulate AJ components in the absence
of EGFR signalling suggests that Atonal is able to regulate
Armadillo and DE-cadherin levels at least partially indepen-
dently of the EGFR. We used a genetic approach to clarify the
relationship between these two components. Firstly, atonal nullmutant clones were induced in a GMR-Gal4>UAS-EGFR*
background (Fig. 5A). Here, a significant rescue of the atonal
mutant phenotype could be seen behind the furrow where
GMR-Gal4 becomes active—some cells showed high levels of
Armadillo and formed disorganised clusters. The phenotype
was somewhat weaker than in the surrounding non-atonal−
tissue, but this may simply be due to the additive effect of
endogenous EGFR signalling present in the atonal positive
tissue but absent from the mutant clone.
In the converse experiment, Atonal was over-expressed
under the control of GMR-Gal4, and clones of a ras null allele
were induced in this background. In this condition, no rescue of
the ras phenotype was observed (Fig. 5B): only single
Armadillo-expressing cells, representing the R8s, were visible.
It should be noted that surrounding ras positive tissue at an
equivalent anterior–posterior position does show increased
clustering, demonstrating that the failure of rescue is not due to
the timing of Atonal expression. These results therefore suggest
that, as is the case in R8 spacing, Atonal lies upstream of the
EGFR pathway in the control of clustering.
Two distinct mechanisms operate to control cell adhesion in the
furrow
A simple explanation for our results would be if DE-cadherin
or Armadillo transcription was controlled by EGFR signalling
through Pointed and/or by Atonal. We used the shotgun-lacZ
enhancer trap line to monitor DE-cadherin expression. In wild-
Fig. 4. Ectopic activation of the Egfr signalling disrupts cluster formation. (A and A′)Minute+argoslΔ7styD5 double mutant clone marked by the absence of GFP (red).
Clusters become disorganised, and large numbers of cells upregulate Arm (blue): groups of over 10 cells can be observed (red arrow). (B and B′) Even more severe
disruption of clustering is seen on over-expression of EGFR* in clones (positively marked by GFP): compare mutant cluster (red arrow) with a normal cluster (yellow
arrow). (C and C′) Ectopic expression of activated Ras (UAS-RasV12) behind the morphogenetic furrow using theGMR-Gal4 driver: large and disorganised clusters are
observed; neural marker Elav is in red. (D and D′) The ectopic expression of atonal behind the morphogenetic furrow using GMR-Gal4 driver induces large clusters
and high accumulation of Arm in most cells where the driver is active (Elav expression is in red). In all panels, Arm staining is in blue.
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as cells leave the morphogenetic furrow, behind the initial stripe
of atonal expression, but before cells begin neuronal dif-Fig. 5. atonal is required upstream of the EGFR pathway. (A and A′) Ectopic expressi
in ato1 Minute+ clones (compare with Fig. 2B). (B and B′) Conversely, in rasD40 M
rescue the clustering defect; only single R8 cells (arrow) are seen. In both cases, cloferentiation, as revealed by Elav staining (Figs. 6A, B).
Differentiating photoreceptors, whose nuclei are located api-
cally within the disc, maintain elevated levels of LacZ, whereason of EGFR* driven byGMR-Gal4 partially rescues the lack of cluster formation
+ clones, ectopic expression of atonal by GMR-Gal4 is completely unable to
nes are marked by the absence of GFP in red.
Fig. 6. DE-cadherin becomes transcriptionally activated in the posterior of the morphogenetic furrow. (A and A′) Third instar imaginal eye discs stained with anti-Ato
(red) and anti-β-galactosidase (green) to reveal the pattern of expression of DE-cadherin reporter shg-lacZ. The reporter is upregulated in the posterior of the
morphogenetic furrow, behind the initial stripe of Atonal expression. (B and B′) shg-lacZ expression (green) is maintained in differentiating photoreceptors, marked by
Anti-Elav (red); surrounding cells show only low levels of β-Gal. The X–Z projections below each panel show a cross-section of the epithelium perpendicular to the
furrow; Y–Z projections to the right of each panel show a cross-section parallel to the furrow, at the position of the white line.
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nuclei) downregulate expression to low basal levels.
We then examined the effect of loss of Atonal on DE-
cadherin transcription. In atonal mutant clones, LacZ levels
were strongly reduced: no highly expressing cells were visible
(Fig. 7A). This therefore implies that Atonal regulates cadherin
transcription, either directly or indirectly. Consistent with this,
ectopic expression of atonal, driven by GMR-Gal4, leads to
upregulation of shg-lacZ behind the morphogenetic furrow; this
is most clearly seen in transverse sections, where basal (non-
neuronal) cells do not express high-level shg-lacZ in wild type
(Fig. 6B), whereas all cells show high levels of the reporter in
GMR>ato discs (Fig. 7B).
The epistasis experiments had suggested that Atonal might
act indirectly, via the EGFR pathway. Therefore, we then tested
whether loss of EGFR signalling also caused a loss of lacZ
expression. In contrast to the atonal clones, ras mutant clones
show no disruption in the pattern of shg-lacZ—clusters of cells
behind the furrow still upregulate lacZ expression to a similar
level as the surrounding wild-type tissue (Fig. 7C). Most
notably, we observed clusters of several cells with high lacZ
levels, and not just single R8 cells, which would be expected to
maintain lacZ expression due to Atonal activity. ru, rho double
mutant clones also showed no alteration in the LacZ pattern
close to the furrow (yellow arrow, Fig. 7D), despite photo-
receptor recruitment failing under these conditions. However,
further posterior to the furrow, LacZ levels are reduced
(arrowhead, Fig. 7D) compared to surrounding wild-type tissue(red arrow, Fig. 7D), although this probably reflects a secondary
consequence of a failure of photoreceptor differentiation (as is
seen with Arm protein levels in the spitz− clones). Similar
results were also obtained with an armadillo-lacZ line in EGFR
pathway loss-of-function clones (data not shown): it, too, is not
transcriptionally dependent on EGFR signalling. Our data
therefore support a two-step model in which DE-cadherin is
transcriptionally regulated by Atonal, and subsequently the AJs
are additionally post-transcriptionally modulated by an EGFR
dependent mechanism (see Discussion).
Discussion
Our discovery that EGFR signalling regulates cellular
morphology in the morphogenetic furrow adds to the multiple
functions already ascribed to this pathway in the eye. The
process of cluster formation is the earliest detectable stage of
ommatidial development and is tightly coordinated with
subsequent photoreceptor recruitment. However, the results
presented here clearly demonstrate that clustering is a separable
process from photoreceptor differentiation. Most directly, the
fact that spitz mutant clones do not show defects in clustering,
whereas they fail to differentiate any photoreceptors beyond the
founding R8 cell, shows that the functions of the EGFR
pathway in clustering and in recruitment are distinct. In
addition, these roles are spatially and temporally separable.
The initial source of the Spitz signal for photoreceptor
recruitment is the R8 cell (Freeman, 1997). However, at the
Fig. 7. Atonal but not EGFR pathway transcriptionally regulates DE-cad expression. (A and A′) In ato1 M+ clones, no expression of the shg-lacZ reporter is observed.
(B and B′) Over-expression of atonal under the control of GMR-Gal4 leads to ectopic shg-lacZ expression, most clearly seen in cells located basally within the
epithelium: compare the X–Z projection with wild type (Fig. 6B). (C and C′) In rasD40 M+ clones, clusters of DE-cad-expressing cells (red) fail to form but shg-lacZ
expression is normal: groups of LacZ positive cells can be seen behind the morphogenetic furrow within the clone. Y–Z projection to the right is taken at the position of
the white line. (D and D′) In ru1 rho7M43M+ double mutant clones, the shg-lacZ pattern is normal close to and within the morphogenetic furrow (yellow arrow);
however, further posterior LacZ levels are reduced (arrowhead) compared to surrounding wild-type tissue (red arrow). Neural differentiation visualised with Elav (red)
is abolished in mutant tissue. In all cases, clones are marked by the absence of GFP and shg-lacZ is in green.
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the R8 does not yet exist. atonal expressing cells in the furrow
upregulate rhomboid levels (Baonza et al., 2001), andpresumably it is these cells that release the activating ligand
to control clustering. Since spitz clones do not show aberrant
clustering, we believe that Keren may be the ligand required to
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with Spitz), as we have previously conjectured that it is also
involved in the control of ommatidial spacing, cell survival
behind the morphogenetic furrow and ommatidial rotation
(Baonza et al., 2001; Brown and Freeman, 2003; Dominguez et
al., 1998). Recent results from our group provide preliminary
evidence to support the role of Keren in several aspects of eye
development (KEB and MF, in preparation).
There are clearly strong similarities between the function for
the EGFR described here and its function in the control of
ommatidial spacing. In both cases, the pathway is activated in
the morphogenetic furrow, under the control of Atonal, and in
both, it appears as though Keren, rather than Spitz, may be the
principal activating ligand. Indeed, it seems likely that the same
signalling event may be responsible for coordinating both these
processes. In the case of R8 spacing, it has been hypothesised
that activation of the EGFR pathway leads to the secretion of an
as yet unidentified inhibitory molecule, which acts non-
autonomously to repress atonal expression between proneural
clusters (Baonza et al., 2001; Chen and Chien, 1999). In
clustering, the signalling pathway seems to be required for two
related purposes: firstly, to regulate the cell shape changes that
accompany rosette and arc formation, and secondly, to maintain
high levels of AJ proteins in these cells. In contrast to R8
spacing, this function appears to be cell-autonomous—we do
not see any significant rescue of clustering close to the borders of
mutant clones. We propose that the same EGFR signalling event
that results in the expression and secretion of the spacing
inhibitory factor (Baonza et al., 2001) also causes an
autonomous change in the transcriptional program of cells and
leads to their maintaining strong AJs and to undergoing the cell
shape changes that are required for rosette and arc formation.
The demonstration of at least two essential functions for the
EGFR pathway in the morphogenetic furrow appears incon-
sistent with the ‘cytoplasmic hold’ model (Kumar et al., 1998,
2003). According to this hypothesis, the phosphorylated MAPK
seen in the morphogenetic furrow is not active because it is held
in the cytoplasm. Only several hours later is it transported to the
nucleus where it exerts its effects in photoreceptor recruitment.
Our results, conversely, indicate a clear function for active
MAPK in the morphogenetic furrow. We do not fully under-
stand the basis for these discrepancies. Kumar et al. used a
temperature sensitive allele of the EGFR and did not see an
effect on ommatidial spacing or clustering (Kumar et al., 1998).
We and others (Baonza et al., 2001; Dominguez et al., 1998;
Spencer et al., 1998; Yang and Baker, 2001) have relied on
clones of EGFR null alleles to detect these effects. The simplest
explanation is therefore that the temperature sensitive allele is
not completely null for EGFR function under the conditions
tested. Alternatively, it has recently been proposed (Rodrigues
et al., 2005) that non-autonomous effects of the Minute
background in which most EGFR pathway mutant clones
have been induced could interfere with the processes of spacing
and clustering. However, effects of EGFR pathway disruption
on R8 spacing have been seen under non-Minute conditions: for
example in the pnt−, UAS-EGFR* clone (Fig. 3C), where
defects in both clustering and spacing are obvious. This has alsobeen observed for other members of the pathway (Yang and
Baker, 2001). Along with our observation that clones of other
genes in a Minute background do not exhibit spacing or
clustering defects, these data make us confident that the spacing
and clustering defects we have reported are not artefacts of
Minute mutations.
Although our results demonstrate that both Atonal and the
EGFR signalling cascade act to control the adhesive and
morphological changes of cells behind the morphogenetic
furrow, they implicate two independent mechanisms by which
they act. Atonal exerts a transcriptional effect upon DE-
cadherin. On the contrary, shg-lacZ and arm-lacZ levels are
unaffected in ras mutant clones, indicating a function for the
pathway in controlling either translation of these components,
or in regulating the subcellular distribution or stability of AJs.
However, it should be noted that, while the effects upon
adhesion proteins are post-transcriptional, the EGFR pathway is
acting through its canonical pathway and via the transcription
factor Pointed, which must therefore control the expression of
some downstream factor.
We propose the following course of events. As cells enter the
morphogenetic furrow, they all upregulate their levels of
Armadillo and DE-cadherin. This change in the adhesive
properties of the cells is independent of either Atonal or the
EGFR signalling pathway, and presumably occurs as a result of
the earlier signals responsible for driving the progression of the
furrow, such as Hedgehog or Dpp. As shg-lacZ expression does
not appear to be upregulated at this early stage, we speculate that
this increase in protein levels is the result of some post-
transcriptional mechanism, for example by stabilisation of AJs,
although we have not investigated this further. Behind the
furrow, cells not fated to differentiate as photoreceptors down-
regulate the levels of AJ components to a low basal level.
However, in the rosettes and arcs, high levels of Armadillo and
DE-cadherin are maintained. This, we suggest, is due to
transcriptional upregulation of shotgun by Atonal, which is
expressed in clusters of cells within the furrow before the R8 is
selected, leading to the initial, broad stripe of shg-lacZ. atonal
expression is then refined to the R8 precursor and presumably
continues to exert its transcriptional effect on DE-cadherin in
this cell, which shows the highest levels of AJ proteins.
However, transcriptional upregulation of DE-cadherin cannot
fully account for the maintenance of adhesion in cluster cells
since over-expression of Atonal is unable to compensate for the
loss of EGFR pathway activity. Our results demonstrate a
necessary role for the EGFR pathway in the post-transcriptional
regulation of adherens junctions—presumably by promoting
translation or stabilising junctional complexes tomaintain strong
cell–cell adhesion. Thus, these twomechanisms in concert act to
promote adhesion between cells of the cluster, which are fated to
form photoreceptors, while surrounding cells, which will go on
to divide again, become less tightly connected.
One question that arises from the current work is the extent to
which the changes in adhesive properties and the cell shape
changes accompanying cluster formation are interdependent.
Are the high levels of AJ proteins between cells of the cluster
sufficient to reorganise the cells into distinct rosettes and arcs, or
720 K.E. Brown et al. / Developmental Biology 300 (2006) 710–721are there other mechanisms involved? Recent work (Hayashi
and Carthew, 2004) has demonstrated that, later in eye
development, the morphology of cone cell clusters can be
accounted for solely by homophilic cadherin interactions
between them; it is possible that a similar process may be
occurring at this early stage.
In addition to orchestrating the cell shape changes that
precede neuronal differentiation, modulation of adhesion might
also be important for regulating the actual process of
ommatidial cell recruitment. Our observation that reduction in
DE-cadherin enhances the recruitment defects caused by
reduced EGFR signalling in Star mutants (Brown and Freeman,
2003) is consistent with a model where proper levels of DE-
cadherin-mediated adhesion are required for efficient EGFR
signalling. A number of previous reports are consistent with this
idea. Firstly, it has been shown, both in tissue culture and in
Drosophila embryos, that the EGFR co-immunoprecipitates
with DE-cadherin (Dumstrei et al., 2002; Hoschuetzky et al.,
1994), suggesting that cadherin might modulate EGFR activity,
either directly or simply by regulating its localisation. Secondly,
in mammalian tissue culture experiments, AJ formation has
been shown to be capable of inducing EGFR dependent MAPK
activation in a ligand independent manner (Pece and Gutkind,
2000). Further investigation will be required to determine
details of the relationship between DE-cadherin and the EGFR,
but it is interesting to consider that not only might cell signalling
regulate adhesion, but that adhesion may also feed back to
modulate signalling.
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